INTRODUCTION
Oxidative stress is a major threat to the ocular lens in vivo. This stress originates both from oxidants present in the fluids surrounding the lens and from oxidants generated within the lens itself (Spector, 1985) . Oxidative modifications have been shown to accumulate in the long-lived lens proteins, and this damage has been considered as one of the major factors contributing to aging and cataractogenesis (Augusteyn, 1981; Harding, 1991) . Oxidation-induced. modifications of crystallins may lead directly to cross-linking of crystallins (McDermott et al., 1988; Zigler et al., 1989) and to a shift to more acidic crystallins (Garland et al., 1986), which are found in human lenses upon aging and in senile cataract. It is known that oxidative damage to proteins makes them more susceptible for proteolysis (Davies, 1987) ; this mechanism also operates on the eye lens crystallins (Carmichael and Hipkiss, 1989) .
The discovery of transglutaminase activity in the lens of various mammalian species and of significant amounts of yglutamyl-e-lysine isopeptide bonds in cataractous lenses led to the suggestion that transglutaminase-mediated changes may be important in the aging of the lens and in cataractogenesis (Lorand et al., 1981) . Transglutaminases are a group of Ca2+-dependent enzymes involved in the formation of e-(yglutamyl)lysine isopeptide cross-links in polypeptides and in the conjugation of amines to certain glutamine residues in proteins. The latter glutamine sites are referred to as 'amine-acceptor sites' and the lysine residues involved in polypeptide crosslinking are known as 'amine-donor' or (in the present paper) 'hexapeptide-incorporation' sites. Recently, it was demonstrated that exposure of crystallins to oxidizing free radicals also enhances their susceptibility to transglutaminase, as measured by that, in both cases, this increased incorporation is not due to the production of new substrates, but that the existing incorporation sites become more susceptible. Moreover, using the newly developed probe, we could identify, for the first time, the major crystallin subunits active as amine-donor substrates (both before and after treatment) to be fB 1-, flA3-and flA4-crystallin. These data support the proposal that oxidative stress and transglutaminase activity may be jointly involved in the changes found in lens crystallins with age and in the development of cataract.
primary amine incorporation (Brossa et al., 1990; Seccia et al., 1991) .
The enhanced susceptibility of crystallins to transglutaminase after free-radical treatment could be due either to a generalized degradation of proteins, exposing additional and new substrate sites, or to structural changes that make the pre-existing substrate sites more accessible. To distinguish between these two possibilities, we studied the influence of hydroxyl-radical (OH') modification on the transglutaminase substrate capacity of fiHcrystallin using probes for both amine-acceptor and aminedonor activity. Using two-dimensional gel electrophoresis to identify the labelled polypeptides, we demonstrate that oxidative stress does not lead to formation of new substrates, but it increases the susceptibility of the existing transglutaminase substrates.
In the bovine eye lens, three fi-crystallin subunits (fiB2-, ,fB3-and flA3-crystallin) have previously been shown to act selectively as amine-acceptor substrates for transglutaminase (Berbers et al., 1984a) . In the present study we have now also identified the amine-donor substrates for transglutaminase using a biotinylated amine-acceptor peptide modelled on the sequence around the amine-acceptor glutamine residue in bovine flA3-crystallin (Groenen et al., 1992) as a probe.
MATERIALS AND METHODS
Exposure of crystallins to free radicals fH-Crystalhn was isolated from the water-soluble fraction of calf lens cortex by gel-permeation chomatography over Ultragel AcA34 (Pharmacia LKB) as previously described (Groenen et al., 1992 of 1.0 mg/ml and the solution saturated with N20 immediately before exposure to the Brunel University 60Co source and irradiation at 4.93 Gy/min. These conditions were chosen to generate specifically the hydroxyl radical, the concentrations of which can be calculated knowing the dose and the radiolytic yield (see Seccia et al., 1991) . A 54 ,tM OH concentration, corresponding to 1.45 mol of OH-/20 min irradiation period per mol of protein, was chosen, as pilot experiments indicated that this dose gave a maximum increase in transglutaminase-mediated putrescine incorporation. After irradiation, protein samples were incubated with transglutaminase and labelled substrates as described below.
Analysis of the amine-acceptor substrates
The amine-acceptor substrate susceptibility of control and radical-treated /?H-crystallin was determined by measuring the transglutaminase-mediated Ca2+-dependent incorporation of
[14C]methylamine into trichloroacetic acid-insoluble material.
The assay reaction mixture (150 ul) contained 1 mg of /?Hcrystallin (control or radical-treated), 50 mM Tris/HCl, pH 7.5, 100 mM NaCl, 20 % glycerol, 8 mM CaCl2, 0.8 mM phenylmethanesulphonyl fluoride (Merck), 1.6 mM leupeptin (Sigma), 1 mM [14C]methylamine (Amersham; 1.02 GBq/mmol) and 0.01 unit of active guinea-pig liver transglutaminase (Sigma; specific activity 1.9 units/mg; purity 90 %). These assay conditions are based on the protocol described by Lorand et al. (1981) ; glycerol enhances the transglutaminase-mediated amine incorporation into lens proteins. After 2 h of incubation, the reactions were stopped by the addition of 16 ,u of 200 mM EDTA. To identify which subunits were labelled, samples were analysed by twodimensional gel electrophoresis (O'Farrell, 1975) . Gels were stained with Coomassie Brilliant Blue and subsequently processed for autoradiography, dried and exposed to Kodak XOmat RP films for 3 days. The radioactive spots were identified by superimposing the autoradiographs on the corresponding Coomassie Blue-stained gels. To quantify [14C]methylamine incorporation, samples from control and OH-treated /JHcrystallin reaction mixtures (5 ,u) were precipitated with trichloroacetic acid (10 % final concn.). The precipitates were washed twice with cold 6 % (w/v) trichloroacetic acid, dissolved in 0.3 ml of 50 mM Tris/HCl (pH 7.5)/100 mM NaCl, mixed Analysis of the amino-donor substrates (hexapeptide incorporation) Control and radical-treated /JH-crystallins were incubated with active transglutaminase (Sigma) and a biotinylated amineacceptor hexapeptide (H-Thr-Val-Gln-Gln-Glu-Leu-OH), as described by Groenen et al. (1992) . Samples were analysed by SDS/PAGE (Laemmli, 1970) and two-dimensional gel electrophoresis (O'Farrell, 1975) , followed by staining with Coomassie Brilliant Blue or-streptavidin blot analysis (Groenen etal,-1992) .
Quantification of the hexapeptide incorporation was performed in duplicate, scanning the one-dimensional pattern of streptavidin blots, loaded with serial dilutions of control and radical-treated ,8H-crystallin reaction mixtures, with an LKB-Bromma Ultroscan XL Enhanced Laser Densitometer. 
RESULTS

Analysis of amine-acceptor substrates
Analysis of amino-donor substrates
Control and OHW-treated ,fH-crystallin samples were incubated with the biotinylated amine-acceptor probe and analysed by twodimensional gel electrophoresis. The positions of the subunits in this separation system are well established from our previous work (Berbers et al., 1984b) . The stained electrophoretic pattern and corresponding steptavidin blot are rather complex, as binding of the peptide-decorated products relative to the unmodified subunits and, in the case of fiBl-crystallin, from the use of a specific antiserum. The positions of the streptavidin-positive spots demonstrate that 8Bi-, flA3-and flA4-crystallins are the subunits that serve as amine-donor substrates for transglutaminase. The involvement of fiBl-crystallin was confirmed by the positive response of a set of these spots to antiserum specific for this protein. It appears that both the primary gene product fB Ila, its naturally-occurring truncated form /JBlb, and also their differently charged forms, all react with the hexapeptide probe. The pattern of the hexapeptide-decorated fiB1-crystallin subunits on the streptavidin blot (Figure 2) indicates that it contains multiple lysine substrate sites for transglutaminase; this is in accordance with the known presence of four lysine residues in the N-terminal extension (Mulders et al., 1987) . Antisera against f8A3-or flA4-crystallin were not available, but purification of these subunits and incubation with the probe and transglutaminase confirmed their ability to act as aminedonor substrates (data not shown). The relative intensities of the hexapeptide-decorated subunits on the streptavidin blot [ Figure   2 (ii)] indicate that fiBI-and fiA3-crystallins are better aminedonor substrates for transglutaminase than fiA4-crystallin. The binding of the amine-acceptor probe to the substrate proteins seems to cause a much greater shift in fiB la/b-crystallin than in the other polypeptides. This may be due to a discontinuous pHgradient on the basic side during isoelectrofocussing. Moreover, fiB la/b-crystallins have a long N-terminal extension, mainly composed of repeating Pro-Ala sequences, which are supposed to induce extraordinary conformational properties that influence the electrophoretic mobility (Berbers et al., 1983) . Decoration of the lysine substrate(s) in this sequence may therefore lead to a more drastic change in the apparent pI of the proteins than expected.
The finding of fiA3-crystallin as amine-donor substrate for transglutaminase is particularly interesting, because evidence was provided earlier that fiA3-crystallin can function as amineacceptor substrate as well (Berbers et al., 1984a) . The presence of multiple substrate sites within certain crystallins, such as in fiA3-and in fiBI-crystallin, probably explains the labelling of the cross-linking products that is found upon incubation with
[14C]methylamine ( Figure 1 ) and with the biotinylated amineacceptor probe (Figure 2 ).
Comparing the electrophoretic patterns (both stained gels and corresponding streptavidin blots) of control and OH treated fiH-crystallin samples reveals that the polypeptides that are labelled are essentially the same, but the intensity of the streptavidin-positive spots is increased in the oxidized sample (Figure 2) . Spontaneous, transglutaminase-independent incorporation of the biotinylated hexapeptide in control or radicaltreated 8iH-crystallin does not occur (results not shown). To quantify the increase in lysine-substrate capacity, serial dilutions of control and radical-treated fH-crystallin reaction mixtures were analysed on a one-dimensional SDS/PAGE gel, and the intensities of the bands on the streptavidin blot were measured by laser densitometry. In Figure 3, Major crystallins and cross-linking products (CL) are indicated on the stained gels. Arrows indicate the peptide-decorated products of 1B1-and fiA3-crystallin, which corresponds in position with the spots on the streptavidin blots. The blot procedure reveals the microheterogeneity of f1B1-, ,8A3-and fiA4-crystallin, probably due to post-translational modifications, which are indicated by asterisks on the stained gel. Decorated 1B1-crystallin spots of different molecular masses indicate the presence of multiple lysine sites in 13Bl-crystallin. Additional minor spots on the blot have not been identified.
OH '-treated: 0.33,tg) . Therefore it may be concluded that the amine-donor capacity of flH-crystallin has increased by approx. 3-fold following oxidative attack.
DISCUSSION
In a previous study (Seccia et al., 1991) we demonstrated that exposure of /L-crystallin to various oxidizing free radicals enhanced its capacity as an amine-acceptor substrate for transglutaminase. In the present study we have used flH-crystallin (which differs from /L-crystallin only in the presence of the additional fiB l-subunits) and demonstrated that only the transglutaminase-susceptibility of those fi-crystallins that already served as substrates is enhanced. This was the case both for the glutamine substrates labelled with [14C]methylamine and for the lysine substrates labelled with the biotinylated amine-acceptor probe.
The use of the biotinylated hexapeptide probe, in combination with two-dimensional gel electrophoresis, has enabled us to identify the amine-donor substrates for transglutaminase among the ,-crystallins. These are found to be the ,fB 1-, /3A3-and ,8A4-crystallin subunits as well as some minor subunits. It may be emphasized that this is one of the very first instances in which the use of amine-acceptor peptides, a technique proposed by Parameswaran et al. (1990) , has led to the identification of aminedonor substrate proteins for transglutaminase. The only other reported substrates identified with this approach are aB-crystallin (Groenen et al., 1992; Lorand et al., 1992) , heat-shock protein HSP25 (Merck et al., 1993) and the elastase inhibitor elafin (Molhuizen et al., 1993) . The identified glutamine (amine-acceptor) sites in flB2-, flB3-and 81A3-crystallins (Berbers et al., 1984a) and the inferred lysine (amine-donor) sites in /JBI-crystallin (Mulders et al., 1987) are all located in N-terminal extensions of the proteins. This region probably extends from the compact two-domain structure of the ,8-crystallins (Wistow et al., 1981; Bax et al., 1990) . It is unlikely that, upon oxidation of the ,-crystallin, glutamine and lysine residues in the conserved domain regions of the protein become accessible for transglutaminase, as this would cause substrate labelling in all f8-crystallins present. The enhanced transglutaminase substrate capacity of the existing amine-acceptors and amine-donors in the /?-crystallins therefore likely results from a more efficient interaction between the enzyme and the substrate sites, probably due to subtle conformational changes and/or modification of specific amino acid residues in the oxidized protein. Conformational changes due to photo-oxidation have indeed been observed in calf lens 8iH-crystallin (Andley et al., 1988) . The actual sites of OH' attack on ,?-crystallins are unknown. Virtually all residues would be susceptible to attack by this extremely reactive free radical, although tryptophan, tyrosine, histidine and cysteine residues have been considered particularly susceptible residues in other proteins . In experiments with /3H-crystallin parallel with those reported here, we observed (K. H. Cheeseman, M. Seccia and J. Boateng, unpublished work) that 54 ,uM OH induced a 20% loss in tryptophan fluorescence and a 25% decrease in protein thiol content. Apparently, this level of sidechain damage still leaves the main protein domains essentially intact, since substantial unfolding of the proteins would be expected to cause susceptibility for substrate incorporation in all crystallins present. Histidine damage was not measured here, but preferential photo-oxidation of histidine residues has been reported for lens crystallins (Li et al., 1990; McDermott et al., 1991) and histidine residues are located close to the amineacceptor glutamine residues in ,8B2-and /.B3-crystallin (Berbers et al., 1984b) . It is conceivable that oxidative modification of these histidine residues enhances the binding of the substrate to the active site oftransglutaminase. Our observations lend support to the proposal that the generation of oxidizing species within the eye lens, due to exposure to free-radical-generating systems or to deficiency of natural antioxidant compounds, may act together with endogenous transglutaminase activity to cause aggregation of /J-crystallins, leading to the pathological changes associated with aging and with senile cataract. It is also possible that this observation might have more general applicability, in that other proteins in other tissues may become more susceptible to transglutaminase activity following attack by oxidizing free radicals. Our observations strongly suggest that such proteins would already be substrates for this enzyme. ---,/!
